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Introduction
Dry eye disease (DED) is a multifactorial disease of the tears and ocular surface resulting in tear film instability with potential damage to conjunctival and corneal epithelium [1] . It results from a disturbance of the lacrimal functional unit that includes the tear film, the lacrimal and meibomian glands, the ocular surface epithelium, and the sensory and motor nerves that connect them [2] . Inflammation with inflammatory cell infiltration and cytokine production are also common features of DED, found in the lacrimal glands, the cornea, and the conjunctiva [3] . In association with the mechanical and desiccating stress induced by the lack and/or the poor quality of tears, inflammation further damages ocular surface epithelia. Considering the central role of these tissues in the pathophysiology of DED, several imaging techniques have been developed to evaluate and grade the alterations of ocular surface epithelia in vivo [4, 5] . Despite lower resolution than in vivo confocal microscopy (IVCM), SD-OCT has numerous advantages over other imaging techniques, such as slit-lamp or ultrasound biomicroscopy [6] . OCT is a noninvasive imaging method that allows highresolution analysis and quantification without the need for ocular anesthesia or contact procedures. In a preliminary study, we used SD-OCT to noninvasively evaluate ocular surface epithelial thickness [4] . In DED patients and patients 2 Journal of Ophthalmology using IOP-lowering eye drops, we observed a decreased limbal-conjunctival epithelial thickness and an increased bulbar conjunctival epithelial thickness. The epithelial thickness measurement of ocular surface tissues with SD-OCT seemed to be an advantageous new parameter during ocular surface evaluation. However, the number of patients in each group was limited and correlations were not evaluated between epithelium thickness changes and ocular surface clinical tests. Thus, the objective of the present study was to compare the results of corneal, limbal, and conjunctival epithelium thicknesses obtained with SD-OCT in normal subjects and non-Sjögren dry eye patients and to evaluate the relationship between these parameters and the results of ocular surface clinical tests. [7] with 80% power level. DED was defined as Schirmer I testing <5 mm and/or tear film break-up time (TBUT) <10 s, accompanied by complaints of ocular irritation in the absence of other ocular (in particular meibomian gland disease) or systemic diseases [1] . Thirty-two age-and gender-matched control subjects (20 women and 12 men; mean age: 43.34 ± 10.81 years; range: 19-67 years) were also recruited (control group). All control subjects had no complaint of ocular surface irritation and no anterior segment abnormality on biomicroscopic examination and ocular surface tests. Exclusion criteria for both groups were as follows: age <18 years, subject unable to complete the questionnaire or understand the procedures, the presence of ocular or systemic disease or the use of topical or systemic medications that may affect the cornea and the ocular surface (except the use of nonpreserved tear substitutes in the DED group), and previous eye surgery or contact lens wear.
Patients and Methods

Clinical Evaluation.
Demographic information and medical history were obtained from the patients' medical records. Each subject underwent quantification of ocular surface symptoms with the Ocular Surface Disease Index (OSDI) questionnaire (range: 0-100). Then, the subjects underwent ocular surface examinations in the following order: tear film break-up time (TBUT), corneal and conjunctival fluorescein staining, tear film lipid layer analysis, Schirmer test without anesthesia, and corneal sensation measured with the CochetBonnet esthesiometer.
TBUT was measured by instilling fluorescein into the inferior cul-de-sac and calculating the average of three consecutive break-up times. Corneal and conjunctival staining was evaluated under a yellow filter using the Oxford scale and after instillation of fluorescein. Tear film lipid layer analysis was performed using interferometry (DR-1, Kowa, Tokyo, Japan) and evaluated semiquantitatively from 1 to 5 (grade 5 being the most severe) [5] . Schirmer I test was performed without anesthesia for 5 min with the patient's eyes closed. Corneal sensation was measured using the contact nylon thread Luneau 12/100 mm Cochet-Bonnet esthesiometer (Luneau, Prunay-Le-Gillon, France) in the central cornea and in the superior, inferior, nasal, and temporal quadrants. Mean corneal sensitivity (MCS) was defined as the mean of the measures obtained in the five different areas.
SD-OCT Examination and Image
Analysis. SD-OCT fitted with an anterior segment module (Optovue Corporation, Fremont, CA, USA) was used. This SD-OCT has a scan rate of 26,000 axial scans per second. Its axial and transverse optical resolution were 5 m and 15 m, respectively. An addon lens (CAM-L mode: 6.0-2.0 mm) was used to assess the regional corneal and conjunctival architecture and epithelial thickness. Because SD-OCT examination is a noncontact technique, it was performed before ophthalmological examinations in order to avoid potential epithelium alterations.
The specific imaging capture technique for this study has been previously described [4] . Briefly, patients were asked to fixate on the target light source, and consecutive images were acquired with the patient's forehead and chin stabilized by a headrest. Corneal epithelium thickness (CET) was defined as the epithelium thickness in the 2 mm central zone of the cornea; limbal epithelium thickness (LET) was defined as the limbal-conjunctival epithelium thickness in each quadrant (superior, inferior, temporal, and nasal); bulbar conjunctival epithelial thickness (BET) was defined as the bulbar conjunctival epithelial thickness located between 2 and 3 mm from the limbus of each quadrant ( Figure 1 ).
The cursors were placed perpendicular to the ocular surface epithelium from a point located just beneath the tear film (first hyperreflective layer) to the basal membrane (second hyperreflective layer). For every quadrant, three measurements were taken (if the difference between measurements exceeded 3 m, the measurement was repeated in order to confirm thickness measurement reproducibility; the measurement needed to be confirmed in less than 5% of cases), and the results were expressed as mean ± SD. The measurements were taken by one researcher (HL) who was masked to patient demographic data and the results of ophthalmologic examinations. To evaluate interobserver variability, a second examiner (QL), who was masked to the results of the first SD-OCT analyses, assessed CET, LET, and BET from the same images of 20 randomized patients. correlation coefficient was used in DED patients to investigate the correlation between the quantitative measurements of epithelial thicknesses and the results of other ocular surface evaluations. values less than 0.05 were considered statistically significant.
Results
There was no difference in terms of gender ( = 0.699) and age ( = 0.503) between the DED and control groups. Table 1 .
Mean CET, LET, and BET were 50.23 ± 4.42 m, 81.37 ± 6.21 m, and 50.44 ± 5.25 m in the DED group and 49.76 ± 3.15 m, 87.14 ± 9.98 m, and 44.62 ± 5.04 m in the control group, respectively. Compared to control subjects, mean BET was significantly thicker ( < 0.001) and mean LET was significantly lower ( = 0.009) in the DED group. There was no significant difference in CET between the two groups ( = 0.103). In addition, dry eyes had a significantly thicker BET in each quadrant region (superior, = 0.005; inferior, = 0.014; temporal, < 0.001; and nasal, = 0.003) than that of normal subjects. In dry eyes, the LET was also significantly thinner in the inferior ( = 0.011), temporal ( = 0.008), and nasal regions ( < 0.001) but not in the superior region ( = 0.152) as compared to control subjects (Table 2, Figure 2 ).
Within the DED group, there were significant correlations between symptoms (OSDI) and Schirmer I test ( = −0.312, = 0.003), TBUT ( = −0.720, < 0.001), and Oxford score ( = 0.340, = 0.001). TBUT was also correlated with Schirmer I test and Oxford score ( = 0.436, < 0.001 and = −0.504, < 0.001, resp.). Tear film lipid layer interferometry was correlated with TBUT, Oxford score, and MCS 4 Journal of Ophthalmology 
Discussion
Several studies have been conducted to measure the thickness and morphology of ocular surface epithelium with OCT, IVCM, or ultrasound, in order to better understand epithelial alterations in DED [7] [8] [9] [10] [11] [12] [13] . With Fourier-domain OCT, Cui et al. evaluated for the first time the features of the corneal epithelial thickness map within the central 5 mm zone and the correlation with symptoms in dry eye patients [7] . Yang et al. [14] and our group [4] reported the evaluation with SD-OCT of ocular surface epithelia including the bulbar conjunctival epithelium, the limbal epithelium, and the central corneal epithelium thicknesses in normal subjects and dry eye patients. However, no studies reported the correlations between DED clinical features and ocular surface epithelial thicknesses, including the limbal and the conjunctival epithelium. In accordance with our previous results [4] , we observed a thinner limbal epithelium and a thicker conjunctival epithelium in patients with dry eye. Moreover, we observed that the severities of symptoms (OSDI) and tear film alterations (TBUT) were correlated to both LET and BET. When evaluating the CET of DED patients, some authors observed a decrease, while others found no change or even an increase as compared with the control group [4, 7, 8, 15] . Comparison between studies was made difficult by the different durations and severities of the disease, the varying ages of DED patients, and the different techniques used to measure CET. Fabiani et al. [15] established a mouse model of dry eye and detected that the average CET became significantly thicker in dry eye mice as compared to the controls after 7 days. These results demonstrated that the inflammatory processes and epithelial proliferation had a significant impact on the average CET in the early stage of DED. The studies from Chen et al. [16] and Kanellopoulos and Asimellis [17] indicated that increased epithelial thickness might be used as an objective clinical indicator of dry eye. Conversely, Cui et al. [7] found that the superior corneal epithelium was thinner in DED patients than in normal subjects. Erdélyi et al. [18] and Villani et al. [19] also showed that the CET tends to be thinner in DED patients, which was attributed to the destruction of stem cells at the limbus. In the present study, there was no significant difference in CET between DED patients and the control group, consistent with our previous results [4] and the results from Tuominen et al. [20] . This may be explained by the moderate severity of DED (average OSDI 35.46 and TBUT 4.67 s) and the location of CET evaluation in the central cornea (central 2 mm diameter area), away from the limbus.
Considering the role of limbal epithelial stem cells (LESCs) in corneal epithelium homeostasis, the limbal region is essential in dry eye physiopathology [21] . Several factors might explain the reduced thickness of the limbal epithelium in DED. First, stem cell metabolism can be directly affected in DED patients [22] [23] [24] . Infiltration of CD4
+ T cells at the limbus and the levels of inflammatory cytokines in tears may play an important role in inhibiting corneoscleral stem cell metabolism in dry eye patients. This downregulation of limbal stem cells in DED patients could influence the development of corneal limbal epithelial layers and result in a thinner LET. Increased turnover of corneal epithelial cells might also explain limbal epithelial cell depletion in DED [4] . Limbal microenvironment inflammation could also directly alter limbal stem cells and their functions, resulting in various degrees of stem cell deficiency [25] . The inferior and superior limbal areas are thought to be the largest reservoirs of limbal stem cells as compared to the nasal and temporal quadrants. With confocal microscopy and scanning electron microscopy, Shortt et al. [26] showed more limbal crypts in the superior and inferior limbal regions. Similarly, Thoft et al. found a larger number of stem cells in the superior and inferior limbus than in the medial and lateral areas [27] . Interestingly, in the present study, the inferior LET seemed to be the most sensitive parameter because it was directly correlated to the OSDI, the Schirmer test, TBUT, the Oxford score, and mean corneal sensitivity. The greatest changes observed for the inferior LET could be explained by the prolonged contact between epithelial cells and altered tears within the inferior lacrimal river containing inflammatory factors such as cellular debris or proinflammatory cytokines. Decreased corneal sensitivity correlated to the inferior LET was also observed in DED patients. Corneal nerves are implicated in DED pathophysiology and DED patients exhibit nerves alterations [5] . These nerves changes have been correlated to the severity of the ocular surface lesions and might be in part responsible for corneal sensitivity alterations. As observed with corneal nerves, a thinner inferior LET might represent a marker of DED severity and emphasized the role of LESCs in ocular surface diseases. The bulbar conjunctiva is an essential tissue of the ocular surface with numerous ocular surface cell populations including inflammatory cells and goblet cells [28, 29] . In this study, the mean BET in dry eye patients was significantly increased as compared to normal eyes. Moreover, the thickness of the conjunctival epithelium layers was directly correlated to symptoms (OSDI) and tear film alterations (TBUT). The infiltration of inflammatory cells and tissue edema observed within the conjunctiva in DED patients might explain, at least in part, the thickening of the conjunctival epithelium [30] .
Although the changes in ocular surface epithelium thickness evaluated with SD-OCT are not specific of a particular etiology of DED and may also be observed in other ocular surface diseases, this parameter is providing useful information for the evaluation of ocular surface tissue changes. Given that it is already used for the evaluation of keratoconus, ocular surface epithelial mapping, especially corneal limbus epithelial mapping, might be used in association with other clinical parameters to monitor DED ocular surface changes and the benefit of different treatments in the future.
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